The extent of genetic variation in fitness is a crucial issue in evolutionary biology and yet remains largely unresolved. In Drosophila melanogaster, we have devised a method that allows the net effects on fitness of heterozygous wild-type chromosomes to be measured, by competing them against two different "balancer" chromosomes. We have applied the method to a large sample of 40 wild-type third chromosomes and have measured fitnesses of nonlethal chromosomes as well as chromosomes bearing recessive lethals. The measurements were made in the environment to which the population was adapted and did not involve inbreeding. The results show an extraordinary similarity in the behavior of replicates of the same chromosome, indicating consistent genetic effects on total fitness. Some invading chromosomes increased rapidly and some slowly, and some rose to appreciable frequency after several months, but then declined again: in every case, the same pattern was seen in each replicate. We estimated relative fitnesses, rates of change of fitness, and relative viabilities, for each chromosome. There were significant fluctuations around the fitted model, which were also highly replicable. Wild-type chromosomes varied substantially in their effects on heterozygous fitness, and these effects vary through time, most likely as a result of genotype ϫ environment interactions.
F UNDAMENTAL features of the living world desured (Curtsinger 1990; Fowler et al. 1997) . Many studpend on the structure of fitness variation. Additive ies have examined components of fitness (e.g., Mukai and genetic variance in net fitness is the quantity that deterYamaguchi 1974; Mukai and Nagano 1983) or net fitness mines the rate at which populations adapt (Fisher of homozygous genotypes (e.g., Sved 1971 , 1975 . Such 1930); females can evolve to prefer mates carrying "good studies are problematic, because there are often negative genes" only if there is sufficient additive variance in genetic correlations between different components of fitfitness (Charlesworth 1987) ; life histories evolve acness (e.g., Fowler 1992, 1993 ) and becording to the trade-offs between fitness components cause homozygosity unmasks recessive alleles that would (Stearns 1992); and most random genetic drift may not be expressed in nature. Moreover, measurements be caused by the hitchhiking effects of selection at of fitness have rarely been conducted under the condilinked loci (Gillespie 2001) . It is thus of fundamental tions in which the life history evolved (Gibson et al. importance to understand the nature of genetic varia-2002 ); yet, fitness traits are often sensitive to gene ϫ tion in net fitness and the contributions to it of different environment interaction (Kondrashov and Houle components of fitness.
1994; Gardner et al. 2001; Teotó nio et al. 2002) and Few studies have measured genetic variation for net inbreeding may be induced by changed conditions fitness (Burt 1995) . Observations of natural popula- (Teotó nio et al. 2002) . tions (e.g., Clutton Brock 1988; Kruuk et al. 2000; Sved (1971 Sved ( , 1975 introduced a simple method for Merila and Sheldon 2000) are complicated by limited measuring the total fitness of homozygous wild-type sample size and uncontrolled environmental variation. chromosomes in Drosophila melanogaster. An advantage Laboratory experiments on microbes (e.g., Lenski and of this method over earlier studies is that it is possible Travisano 1994) avoid these difficulties, but almost to measure fitness under the environmental conditions always use asexual populations, under conditions that and genetic background to which the chromosomes are far from natural, and are based on new mutations are adapted. Population cages containing a balancer rather than standing variation. In Drosophila, the overall chromosome (B) together with a wild-type chromosome fitness of heterozygous genotypes has rarely been mea-(ϩ) reach an equilibrium in which ϩ/ϩ and B/ϩ genotypes segregate at frequencies reflecting their relative fitnesses. (Balancer chromosomes carry multiple inver-1 are maintained by heterozygote advantage; homozyreplicable patterns. However, 5 chromosomes never invaded, and for 14 wild-type chromosomes the invading gotes for whole wild-type chromosome are almost always substantially less fit than B/ϩ.) chromosome began to increase, but then decreased again. As before, fluctuations around the fitted model The Sved method suffers the disadvantage that it measures homozygous rather than heterozygous fitness. A were correlated across replicates, implying that subtle environmental variations have distinct effects on the novel method that is described in detail elsewhere (Fowler et al. 1997; Barton and Partridge 2000) fitnesses of different wild-type chromosomes. Such high replicability has been found elsewhere in large-scale, longmeasured variation in total heterozygous fitness by simultaneously competing wild-type chromosomes against term selection experiments in D. melanogaster (Weber 1996; Curtsinger and Ming 1997) . Thus, population two different balancer chromosomes. If fitnesses do not vary too much, then a polymorphic equilibrium can be cage experiments provide a way to measure fitness variation under seminatural conditions and open up the reached, with all three balancers present. If wild-type homozygotes have zero fitness, then heterozygous fitpossibility of more detailed analysis-for example, of fitness components and of epistatic interactions. The nesses can then be estimated directly: the frequencies of the three heterozygous genotypes provide enough results from this and from our previous experiment (Fowler et al. 1997) show remarkably high heritable information to give their three fitnesses. (When wild-type homozygotes are viable and fertile, the Sved method can fitness variation, of the kind required to explain key evolutionary phenomena such as hitchhiking and "gebe used to provide the extra information needed to give all four fitnesses.) netic draft" (Gillespie 2001) , the maintenance of sex and recombination, and the evolution of adaptive mate When one balancer is much more fit than the other, there may be no stable polymorphism. Then, the tempopreferences. ral pattern of replacement of one balancer by the other ("invasion") allows fitnesses to be estimated. Fowler et METHODS al. (1997) applied this method to 12 wild-type third chromosomes, extracted from a laboratory-adapted popuPopulation cages: Except where stated, the experiment was performed in the same way as that in Fowler lation, Dahomey. This stock has been held in population cages since 1970, with overlapping generations and at et al. (1997) ; additional details of culture conditions are given in Gardner et al. (2001) . Balancer stocks were its carrying capacity. Fowler et al. (1997) found highly replicable differences in the pattern of invasion, which regularly backcrossed to the Dahomey base population and were maintained in very large numbers (several implied strong fitness differences. The fitness effects of wild-type chromosomes when combined with the two thousand) to ensure a diverse genetic background that differed little between lines. One hundred eighty wildbalancers were significantly correlated, but there were also significant differences between them. This implies type third chromosomes were extracted from the Dahomey base population, of which 30 carried recessive that there are both additive and dominance components of fitness. Remarkably, there were significant fluctuations lethals. This is similar to the frequency in nature (Simmons and Crow 1977) and the frequency in our previthrough time around the fitted model, which were correlated across replicates. This correlation between replious extraction (30/150; Fowler et al. 1997) . We chose to study all 30 lethal-bearing chromosomes, together cate cages implies strong genotype ϫ environment interactions, such that particular wild-type chromosomes with 10 nonlethal chromosomes. We used the balancers TM1 and TM2, which carry mulresponded differently to environmental fluctuations experienced by the experimental cages.
tiple inversions that suppress recombination; TM1 is marked with Moiré eye (Me) and TM2 with Ultrabithorax We have now applied this method to 40 chromosomes from the same population. Our aims were: (i) to extend (Ubx). For each replicate experimental chromosome (ϩ a , say), we set up two population cages of pure TM1/ϩ a measurements to a larger sample of chromosomes; (ii) to measure fitnesses of nonlethal chromosomes, as well genotype and two of TM2/ϩ a genotype. This replication controls for accumulation of new mutations on the ϩ as of those bearing recessive lethals; and (iii) to measure components of fitness. In particular, we measured prechromosome, for the effects of any recombination with the balancers, and for genetic drift. After allowing 63 adult viability both within the experiment and in a separate study (Gardner et al. 2001) . The genetic correlations days for these cages to reach their carrying capacity, we began the invasion by sampling eggs from each of the between the different components of fitness (including female fertility and longevity) and their contributions to cages containing TM2/ϩ. These samples were reared to adulthood, and 50 flies of each sex were introduced total fitness variation will be reported separately.
The results of this study are qualitatively similar to into each of the corresponding TM1/ϩ cages. These flies were introduced simultaneously into all 80 experithose of the previous experiment, but are even more striking. All chromosomes show highly replicable patmental cages. Following the introduction, samples of eggs were taken twice each week for ‫003ف‬ days. Our terns. In 21 invasion lines, the pattern was similar to that seen in the previous experiment, again with highly experiment differed slightly from that of Fowler et al. (1997) in that more flies were introduced at the start genotypes TM2/ϩ and TM1/TM2 must be at the same frequency in zygotes. (Nonrandom mating would need (100 vs. 40), subsequent sampling was less frequent (twice per week rather than three times), and somewhat to be extremely strong for flies bearing TM2 to seek out mates with genotypes other than the predominant fewer flies were counted ‫,052ف(‬ twice per week). The sampling scheme is improved by increasing the number TM1/ϩ.) Similarly, as TM1 is being eliminated, the two rare genotypes TM1/ϩ and TM1/TM2 must be equally of replicate cages rather than by increasing the number of flies counted (Barton and Partridge 2000). Overfrequent in zygotes. If adult ϩ/ϩ homozygotes are observed in samples, then two more parameters are reall, a similar number of flies was counted and classified by genotype: Ͼ1.2 ϫ 10 6 flies in each experiment. The quired: the viability and the fitness of ϩ/ϩ relative to TM1/TM2. positions of the experimental cages were randomized. There was no evidence of contamination since no wild-
The model assumes that relative fitnesses stay constant, in which case the parameter p 0 is the initial allele type flies invaded the experimental cages. (Note that if contaminants introduced a different wild-type chrofrequency. This depends on the number of adults introduced (100) relative to the number of larvae and pupae mosome, the wild-type would increase to fixation, since ϩ a /ϩ b does not suffer inbreeding depression.) that will reach adulthood, as well as the number of adults in the cage, and so may be very low (Fowler et Estimates assuming constant fitnesses: Fitnesses were estimated in the same way as in Fowler et al. (1997); . However, the transient appearance of TM2 in many cages implies that fitnesses can change. In that theoretical issues are explored in more detail by Barton and Partridge (2000) . A discrete-generation model case, p 0 should be seen as a composite parameter that describes the delay before invasion of TM2 begins. That was used to calculate the pattern of genotype frequencies through time. Thus, the probability of obtaining delay may vary by chance and also because of changes in relative fitness. the observed samples could be calculated, given these frequencies, yielding the likelihood of the model. HypoRoughly speaking, the rate at which TM2/ϩ displaces TM1/ϩ gives the relative fitness of those two heterozytheses can be distinguished by comparing their likelihoods: in large samples, twice the difference in log likeligous genotypes, while the time during which both balancers coexist gives an estimate of the fitness of the hood is distributed as 2 . In most cases, however, there is significant residual variation around the fitted models, double-balancer genotype, TM1/TM2 relative to the two wild-type heterozygotes. With the large sample sizes used such that the difference in log likelihood between the fitted model and a perfect fit is several times that exin this experiment, accurate estimates of both relative fitnesses can be made (see Barton and Partridge pected under binomial sampling error. We allow for this excess error by treating the ratio between the differ-2000, Figure 7 ). However, TM1/TM2 has very low fitness, and in some cases the best estimate is that this ence in log likelihood between the hypotheses of interest and the residual difference in log likelihood as an reference fitness is zero. In such cases, only the fitness of TM1/ϩ relative to TM2/ϩ can be estimated accu-
This discrete-generation model is an approximation rately. In cases where TM2 never becomes common, it is not possible to distinguish the fitnesses of TM2/ϩ to the actual age-structured population, which reproduces continuously in time. There is an inherent difficulty in from TM1/TM2, since the rate of change of TM2 depends only on the ratio (W TM2/ϩ ϩ W TM1/TM2 )/W TM1/ϩ (for reducing the many parameters of an age-structured model to a single fitness measure. However, Barton and Parlethal or sterile ϩ/ϩ). This ratio will be close to W TM2/ϩ / W TM1/ϩ , since the double-balancer heterozygote has low tridge (2000) show that age-structured models give patterns that are close to those of the best-fitting discrete fitness.
Estimates assuming varying fitnesses: To account for approximation, and that the discrete-fitness estimates correspond to those required to fit the initial rate of inthe 14 "transient" cases where TM2 increases but then disappears, we must suppose that relative fitnesses crease of TM2, and decrease of TM1, in the invasions. As in Fowler et al. (1997) , we assume a generation time change through the course of the experiment. We fit the simplest model that can account for the observations of 15 days. Assuming a longer generation time would require larger fitness differences among genotypes to by assuming that the fitness of the common genotypes relative to the rare genotypes (i.e., W TM1/ϩ and W ϩ/ϩ account for the same rates of change through time. In cases where wild-type homozygotes have zero viability, the relative to W TM2/ϩ and W TM1/TM2 ) increases exponentially at a rate ␤ per day. As discussed below, there is no basic discrete-time model has five parameters: the fitnesses of TM1/ϩ and TM2/ϩ relative to the standard TM1/TM2 evidence that the relative fitnesses of the two common genotypes change, and so we keep these fixed. However, genotype, the viabilities of TM1/ϩ and TM2/ϩ relative to TM1/TM2, and the initial frequency of TM2.
there is no evidence as to the relative fitnesses of the two rare genotypes, since these must be at equal freRelative viabilities are required to relate the observed frequencies of adults in the sample vials to the zygote quency in zygotes; our assumption here of fixed fitnesses of TM2/ϩ relative to TM1/TM2 is arbitrary. We assume frequencies; they can be estimated because when TM2 is rare, almost all flies are TM1/ϩ, and so the two rare that relative viabilities are fixed, since these were mea- cages. For example, in both cages containing chromosome 18, TM2 was found in samples soon after its introduction, peaked at around 10% at day 80, and then sured under standard conditions in sample vials (aldeclined (Figure 1 ). Replicates were similarly close for though see below). We assume an exponential change chromosomes that allowed TM2 to invade succesfully in fitness because our analysis is throughout in terms and where wild-type homozygotes were viable (Figure 1 ). of log fitnesses, which thus change linearly at a rate ␤.
For example, in cages containing chromosome 3, TM2 Of course, more complicated patterns of fitness change invaded quickly and became more common than TM1 could be fitted, but there is little power to distinguish after ‫07ف‬ days. TM2 also successfully invaded cages them.
containing chromosome 30, but much more slowly, with For the "transient" lines, we cannot estimate all the TM2 becoming more common than TM1 only after 200 parameters of the model. In other words, the likelihood days. Moreover, both replicates showed a rapid increase surface is flat in certain directions. We therefore multiin TM2 around day 50, followed by much slower change. ply log likelihood by a penalty function, of the form
The examples shown in Figure 1 are typical: for every Exp [Ϫ/v] for parameter v, with ϭ 10
Ϫ8
. This ensures chromosome, replicates showed close similarity, with that a well-defined maximum exists, a little away from appreciable differences occurring only when TM1 or the boundary at v ϭ 0. Maximization uses Mathemat-TM2 is rare. ica's built-in Newton-Raphson algorithm. We have not
The 10 pairs of cages for which wild-type homozygotes seen evidence for multiple maxima in checks using difwere viable showed similar patterns, in that TM2 either ferent starting points. However, we have obtained someinvaded and rose to high frequency (e.g., Figure 1 , chrowhat better fits in regions where the likelihood surface is mosome 34) or appeared transiently (e.g., Figure 1 , flat using our present algorithm than in the previous analychromosome 40). At the beginning of the experiment, sis (Fowler et al. 1997) . Therefore, some of the values there was a stable polymorphism with TM1/ϩ and ϩ/ϩ given in supplementary Tables S1 and S2 (http:/ /www.gen present. In the six cases where TM2 never reached high etics.org/supplemental/) for lines from Fowler et al.'s frequency, this polymorphism was barely perturbed, in-(1997) data differ slightly from the estimates in that article.
dicating that the relative fitnesses of TM1/ϩ and ϩ/ϩ Deviations from the fitted models were examined usremained constant throughout. In the other four cases, ing differences in arcsine-transformed genotype frewhere TM2 rose to high frequency, the frequency of quencies. The transformation z ϭ 4 arcsin͓√ p ͔ was used, ϩ/ϩ as well as TM1/ϩ decreased; this is to be expected as in Fowler et al. (1997) , so that variance due to samif TM2/ϩ is more fit than TM1/ϩ. Strikingly, however, pling N individuals is 4/N. Residuals were plotted in all these four cases a balanced polymorphism was against either time or predicted TM2/ϩ frequency. reached, with TM1 apparently maintained at stable freOverall mean deviations, and correlations between repquency at the end of the experiment (e.g., Figure 1 , licate cages, were calculated by pooling residuals into chromosome 34). Such a polymorphism was never seen bins 20 days wide or spanning Ϯ10% predicted genotype when ϩ/ϩ were lethal: in all those cases, either TM1 frequency.
or TM2 was eliminated by the end of the experiment (e.g., Figure 1 , chromosomes 3, 18, and 20). This pattern is surprising, because the conditions for polymorphism RESULTS are more restrictive when wild-type homozygotes are viaPatterns of invasion: The 40 wild-type chromosomes ble and fertile: fell into three classes (Table 1) . In 5 cases, TM2 was never observed. In 16 cases, TM2 was not observed for W TM1/ϩ ϩ W TM2/ϩ Ͼ W TM1/TM2 a substantial time; in 13 of these, TM2 declined after rising to moderate frequency; while in the other 3, no
(1) decline was seen. However, in these 3 cases the increase occurred so late that the experiment ended before a
W TM1/ϩ decline would have been evident. In the remaining 19 cases, TM2 invaded and displaced TM1. We term these three classes "noninvader," "transient," and "invader,"
(from Equation 4 (Except at low frequency, these are almost indistinguishable on this scale.) Where wild-type homozygotes are viable, their frequency is also shown; this is the bottom set of curves for chromosome 34 (bottom left) and the top set for chromosome 40 (bottom right). The pairs of dashed curves give the best-fitting theoretical prediction, separately for each replicate (supplementary Table S1 , http:/ /www.genetics.org/supplemental/).
However, we will see that the estimated fitness of ϩ/ϩ is genotypes in sample vials, again relative to TM1/TM2. Where wild-type homozygotes are viable, there are two so low that it has no appreciable effect on the population (Table S1 ).
more parameters: the fitness and viability of ϩ/ϩ relative to TM1/TM2. When TM2 is rare, TM2/ϩ and TM1/ Estimates assuming constant fitnesses: We begin by fitting a model with constant fitnesses to those lines where TM2 must be at the same frequency in zygotes, and so their relative viability can be measured from frequencies TM2 invaded, as in Fowler et al. (1997) . For chromosomes with ϩ/ϩ lethal, this model has five parameters:
in emerging adults and similarly for TM1 rare. The estimates of relative fitness come primarily from the rate of p 0 , the initial frequency of TM2; W TM1/ϩ , W TM2/ϩ , the fitnesses of TM1/ϩ and TM2/ϩ relative to TM1/TM2;
and the rate of elimination of TM1 ( TM1 ϭ and V TM1/ϩ , V TM2/ϩ , the egg-to-adult viabilities of those These estimates are made assuming constant fitnesses. In each part, the top heavy curve shows the threshold for elimination of TM1, and the bottom heavy curve shows the threshold for invasion of TM2 ; thus, wild-type chromosomes with fitnesses between the two curves can remain polymorphic with both TM1 and TM2 present. Pairs of replicates are linked by lines. Top left, the 15 chromosomes for which ϩ/ϩ was lethal. In six cases, the estimated TM1/TM2 fitness was extremely low. These are shown by pairs of circles superimposed at top right. Top right, the 4 chromosomes for which ϩ/ϩ was viable. Bottom left, the 12 chromosomes from Fowler et al. (1997) . ( Table S1 . left). The key finding here is that there are large and highly replicable fitness differences between genotypes Figure 2 plots estimates of TM2/ϩ fitness against TM1/ϩ fitness, with pairs of replicates connected by carrying different ϩ chromosomes. Figure 2 , bottom right, compares estimates for all lines. The ϩ/ϩ lethal lines (top left) show remarkable agreement between replicates. Necessarily, all estimates three classes of chromosome; for simplicity, only the averages across replicates are shown. The differences lie above the top curve, which is the threshold for elimination of TM1 by TM2. Many estimates are clustered at among these classes can be seen clearly. This also shows contours for the rate of invasion of TM2 and the rate top right; these correspond to very low fitness of the double-balancer genotype, TM1/TM2. For those lines of loss of TM1. When TM1/TM2 is extremely unfit (top right), these rates both depend primarily on the fitness where ϩ/ϩ was viable, the estimated fitnesses of the heterozygous genotypes are quite different: they lie beratio W TM1/ϩ /W TM2/ϩ , so that the contours for invasion rates become parallel. Thus, it becomes impossible to tween the thresholds for invasion of TM2 and loss of TM1 (top right). This corresponds to the tendency of estimate these fitnesses separately with any accuracy. This is reflected in the larger differences between replithese lines to approach a balanced polymorphism, noted above. Again, we cannot see any statistical reason cates at upper right. It is striking that the fitness estimates for those chromowhy these chromosome lines should differ systematically from those carrying recessive lethals. Fowler et al.
somes carrying recessive lethals almost all lie just above the threshold for loss of TM1, but are widely scattered (1997) found that in 11 of their 12 lines TM2 invaded and displaced TM1, while one line (denoted here as along it: in other words, the rate of loss of TM1 is similar across all lines, and fairly slow, whereas the fitness line 52) approached a polymorphism. Those fitness estimates follow the same relationship as do the invader of TM1/ϩ relative to TM1/TM2 varies widely. We cannot (Table S1 ). Pairs of replicates are linked by lines. Top left, the 15 chromosomes for which ϩ/ϩ was lethal. Top right, the 4 chromosomes for which ϩ/ϩ was viable. (Note the very low viability of TM1/ϩ in one pair of replicates.) Bottom left, the 11 chromosomes from Fowler et al. (1997) Figure 4 compares viability estimates with those made different wild-type chromosomes, but the rate of elimination of TM1 is more similar between chromosome in a separate experiment by Gardner et al. (2001) . [Estimates were averages over the three lowest densities used lines and on average slower. [One might worry that these patterns arise from spurious correlations caused by Gardner et al. (2001) , which correspond to the range of densities used here; for data, see Tables S1 and S2 .] by sampling error: the distributions seen in Figure 2 might reflect covariation of the sampling errors in the Surprisingly, correlations between the measurements in the two studies are weak. When the viability of TM1/ϩ or two estimates of relative fitness. However, sampling error is expected to be quite small for the sample sizes TM2/ϩ is considered separately, there is no significant correlation between the two experiments (r ϭ 0.035 and used here (see Barton and Partridge 2000, Figure  7 ), as is confirmed by the good agreement between 0.185, respectively; Figure 4 , a and b). However, there is a significant correlation when we consider the geometric replicates seen in Figure 2. ] Figure 3 shows similar plots for the estimated viabilimean viability of TM1/ϩ and TM2/ϩ, relative to TM1/ TM2 (r ϭ 0.587; P ϭ 0.8%, Figure 4c ). ties. Again, there is good agreement between replicates. For TM1/ϩ, Kendall's rank correlation between repli- Table S1 shows estimates of the fitness of ϩ/ϩ homozygotes, for the four chromosome lines for which these cates is 0.71 (P Ͻ 10
Ϫ3
) for ϩ/ϩ lethal and 0.345 (P ϭ 7.7%) for the lines of Fowler et al. (1997) . For TM2/ϩ, genotypes are viable. These estimates are extremely low and in most cases effectively zero. Presumably, wild-type the corresponding values are 0.70 (P Ͻ 10 Ϫ3 ) and 0.27 (P ϭ 12.5%). (Significance tests are based on 1000 ranhomozygotes are unable to reproduce under crowded cage conditions, even if they can survive to adulthood domizations across replicates. Values are not given for ϩ/ϩ viable since there were only four such lines.) There under the benign conditions in vials. In contrast, estimates of the viability of ϩ/ϩ are similar to those for are also differences between classes of chromosome: in sion by TM2, and so we cannot know whether this pattern holds for TM2 as well. Figure 5 compares the estimated initial frequency, p 0 , between replicates. The agreement between replicates indicates significant variation in p 0 among ϩ chromosomes. For the invader lines ( Figure 5 , top), Kendall's rank correlation between replicates is 0.45 (P ϭ 0.5%) for ϩ/ϩ lethal and 0.53 (P ϭ 1.0%) for the lines of Fowler et al. (1997) . There is one outlier at top left (chromosome 15), in which initial frequency is much higher in replicate B compared with A. This pattern can be seen from the time course plotted in supplementary information (http:/ / www.genetics.org/supplemental/).
Varying fitnesses: A model of constant fitness cannot account for those lines in which TM2 appeared at low frequency, but was later eliminated. In these cases, the fitnesses of TM2-bearing genotypes relative to TM1/ϩ and ϩ/ϩ must have declined during the experiment, so that invasion by TM2 was possible at first, but later became impossible. We must therefore fit a model that allows for this kind of fitness variation. Unfortunately, we have much less information from which to make estimates, since TM2 never becomes common. There are several kinds of confounding evidence, which we discuss below.
We assume that the fitness of TM1/ϩ relative to TM2/ϩ increases exponentially, at a rate ␤ per day; this allows TM2 to invade at first, but then be eliminated asTM1/ϩ becomes more fit. We must next choose how the other two genotypes change in fitness. In all of the lines where ϩ/ϩ is viable, the relative frequencies of ϩ/ϩ and TM1/ϩ remain constant, and so we set the fitness of both these genotypes to increase at the same rate, ␤. In the transient lines, TM2 remains rare, and so TM2/ϩ and TM1/TM2 are equally frequent in zygotes. Thus, their rate of increase depends only on the sum of their fitnesses: we have no information as to whether these fitnesses vary relative to each other. We assume that the relative fitnesses of these genotypes remain We have fitted this model of changing fitnesses to unambiguously; hence these data appear only in b.) the lines in which TM2 invaded and displaced TM1, discussed above. In most cases, allowing changing fitnesses gives a significantly better fit (see rightmost col-TM1/ϩ heterozygotes and much lower than TM2/ϩ viability (Table 2) . Thus, heterozygosity with a single umns of Table S1 ). Nevertheless, we give the estimates on the basis of constant fitnesses in Table S1 and used TM1 chromosome reduces viability by about the same amount as homozygosity, whereas the effects of homozythose estimates in Figures 2-5 . This is because estimates made assuming varying fitness can lead to a confoundgosity on total fitness are much more severe. It is clear from Table S1 that ϩ/ϩ viability is highly replicable ing of variables, even when TM2 invades successfully, and the fitness estimates are harder to interpret when and strongly correlated with TM1/ϩ viability. However, only four chromosomes with ϩ/ϩ viable sustained invathey change throughout the experiment. In any case, Columns 2 and 3 show the estimated rates of invasion of TM2 and rate of elimination of TM1 per day ( TM2 , TM1 ). Column 4 shows the estimated frequency of wild-type homozygotes in adult samples (p ϩ/ϩ ). Column 5 shows the factor by which fitness is estimated to change through the experiment (as in Table S1 , supplementary information at http:/ /www.genetics.org/supplemen tal/). Column 6 gives the viability of TM2/ϩ relative to TM1/TM2 in sample vials. For those chromosomes in which TM2 appeared transiently, the viability estimates of Gardner et al. (2001) are given; these are shown in Table S1 for the other lines. The penultimate column shows the ratio between initial TM2 frequency and the viability of TM1/ϩ relative to TM1/TM2, p 0 /V TM1/ϩ . The final column shows the log likelihood of the fit, assuming varying fitnesses (␤ ϶ 0, as in Table S1 ); this is a measure of the unexplained residual variation. 0.38 (P ϭ 7.4%), and for ϩ/ϩ viable, it is 0.60 (P ϭ 9.5%). Taking the data as a whole, the agreement is much stronger: the circles in Figure 7 lie close to the diagonal, reflecting the similar patterns of fitness change in each replicate. Necessarily, the transient lines show an increase in TM1/ϩ fitness (␤ Ͼ 0; small circles), and the invader lines a decrease (large circles), since those lines are defined by displacement of TM1 by TM2.
In the transient lines, TM2 never becomes common, and so only a limited set of parameter combinations can be estimated unambiguously. Table 2 summarizes these estimates and gives them in the same form for the invader lines for comparison. The rate of invasion of TM2 at the beginning and end of the experiment ( TM2 , TM2 e 300␤ ) can be estimated for all lines, and is summarized in Figure 8 ; the estimates here are made assuming changing fitnesses for both invader and transient lines. Overall, rates of invasion at the beginning vary much less than rates of invasion at the end-the opposite pattern to that seen for the ϩ/ϩ lethal invader lines, noted above. Necessarily, rates of invasion fall from Ͼ1 to Ͻ1 in the transient lines (small circles below diagonal), whereas they rise in the invader lines (large circles above diagonal). As we saw for the fitness estimates, the lines with ϩ/ϩ viable show less variation in we can estimate the frequency of ϩ/ϩ adults emerging light-shaded circles, ϩ/ϩ viable.
from sample vials at the beginning, when there is a stable polymorphism between ϩ/ϩ and TM1/ϩ. As noted above, this frequency stays constant throughout in the the patterns obtained using the alternative estimates are transient lines, implying constant relative fitnesses. This quite similar.
estimate of adult frequency is a combination of relative The ratio between TM1/ϩ fitness at the beginning viability and relative fitness, which cannot be disentanof the experiment and at the end ‫003ف(‬ days; e Table S1 . For the ϩ/ϩ (W TM1/ϩ Ϫ W ϩ/ϩ )); Barton and Partridge 2000]. Howlethal lines, TM1/ϩ fitness is never estimated to increase ever, because the estimated fitness of ϩ/ϩ is so low (at and in most cases is estimated to decrease-often subleast, for the invasion lines for which it can be estistantially. The same pattern is seen in data from Fowler mated), these frequencies reflect almost entirely the et al. (1997) . (This is not surprising, since a large inrelative viability. (If TM1/ϩ is the only genotype that crease in TM1/ϩ fitness would cause TM2 to be elimieffectively reproduces, then ϩ/ϩ will be at a frequency nated, as in the transient lines.) In contrast, where ϩ/ϩ of 1 ⁄ 3 in zygotes, and variations from this in adults are is viable TM1/ϩ is estimated to increase somewhat reladue to differences in viability.) Figure S2 (supplementary tive to TM1/TM2. These patterns are shown in Figure  information at http:/ /www.genetics.org/supplemental/) 6, in which the arrows link fitness estimates at the beginshows the close agreement of estimates of ϩ/ϩ frening and end of the experiment. The same patterns are quency between replicates. There is a strong rank correseen as before (Figure 2) , with clear differences between lation between replicates, which is significant for the the three classes of chromosome. transient lines (0.67 among invader lines, P ϭ 26%; Figure 7 shows estimates of the rate of change of 0.73 among transient, P ϭ 4.8%). Lines that allowed fitness (␤ per day) for all classes of chromosome. There successful invasion of TM2 tend to have higher ϩ/ϩ is good agreement between replicates: for the invader viability than those in which TM2 was eliminated. lines ( Figure 7 , large circles), Kendall's rank correlation
The last parameter combination that can be estimated between replicates is 0.47 (P ϭ 0.7%) for ϩ/ϩ lethal for the transient lines is the ratio between the initial and 0.35 (P ϭ 8.7%) for the lines of Fowler et al. (1997) .
allele frequency and the viability of TM1/ϩ relative to TM1/TM2, p 0 /V TM1/ϩ . These two parameters are conFor the transient ϩ/ϩ lethal lines, the correlation is founded because the same observed frequencies can be frequency of ‫.%8ف‬ Deviations of similar magnitude are seen for TM1/ϩ. For the noninvader lines, and for ϩ/ϩ generated by a high initial frequency of TM2, counterbalanced by a low viability of TM2-carrying genotypes frequencies, the model fits well: residual deviations are small throughout and show no consistent pattern. relative to TM1/ϩ. Figure 9 shows that again these values are similar between replicates and span a wide range of These deviations might be caused by fluctuations in relative fitness that occur at the same time, whatever values. The estimates for the transient lines are extremely low, because the model supposes an exponenthe current genotype frequencies. Alternatively, there might be deviations from the model (for example, due tial increase in fitness of TM1/ϩ from the beginning of to age structure or nonrandom mating) such that the the experiment. To account for a late and brief appearpattern of genotype frequency change shows systematic ance of TM2, therefore, one has to assume an extremely deviations. These possibilities could be distinguished by low initial frequency and a rapid decrease in its selective plotting residuals against predicted genotype frequency, advantage. In reality, the initial frequency cannot be rather than against time. , since otherwise TM2 would almost 3b) found that overall residual deviations were smaller certainly be lost. Presumably the pattern of fitness when plotted against genotype frequency rather than change is nonlinear, so that TM2 is initially more or against time, suggesting that the deviations are due to less neutral, then gains an advantage, and then becomes environmental factors that occur on particular days disadvantageous and is eliminated. The parameter p 0 rather than factors acting at particular stages of the should be thought of as indicating the delay until appearance of TM2, rather than the actual frequency.
Residual variation: We now analyze deviations from the fitted model, as summarized in Table S1 . To expand fluctuations at the extremes, we examine arcsine-transformed genotype frequencies, so that sampling variance is constant across the range of frequencies. Figure 10 (top) shows deviations of arcsine-transformed TM2/ϩ frequencies, for all cages in which TM2 invaded. There are clearly consistent deviations. In the lethal ϩ/ϩ lines (top left), there is an excess of TM2/ϩ over days 30-100, then a deficit, and finally an excess beyond day 200. In the nonlethal ϩ/ϩ lines (top right), there is a steady increase from a deficit of TM2/ϩ at first to an excess by the end. These deviations are of similar magnitude to those observed by Fowler et al. (1997, Figure 3a) . transformed scale corresponds to differences in allele invasion. In our experiment, deviations show a similar relations are seen for noninvader lines as well as invaders, even though the deviations are smaller in this case. pattern when plotted against frequency rather than time (Figure 10 , bottom), so that we cannot distinguish beConfidence intervals are wide for any one window (Figure 12, thin lines) , especially where only a few chromotween the alternative explanations. The similarity of the two kinds of plots is not due to the invasions occurring some lines are in each class (for example, only four nonlethal ϩ/ϩ lines invaded; Figure 12b ). It is not at similar times in our experiment: the variance of log(p 0 ) is somewhat higher for our invader lines than clear how to make an overall test for significance, since successive deviations are autocorrelated. However, indifor Fowler et al.'s (1997) experiment. Figure 11 shows some examples of how deviations vidual correlations are significant in most cases for the lethal ϩ/ϩ lines ( Figure 12 , a and c), and the overall change through time for three pairs of replicate cages (Figure 1, chromosomes 3, 30, and 34) . The overall pattern is compelling. Indeed, correlations between replicates are about as high as they could be, given sampling mean across all cages in each class (i.e., Figure 10 , top row, thick lines) has been subtracted, so that these plots error. For each pair of replicate cages, we can calculate the difference in arcsine-transformed genotype freshow the deviations peculiar to each cage. There is extraordinary consistency between replicate cages, which quency, for those cases where sampling dates coincide. This difference has sampling variance 4/N A ϩ 4/N B . For is even more marked than that seen by Fowler et al. (1997, Figure 4) . Figure 12 shows the correlation beeach replicate pair, we calculated the ratio between the variance of between-replicate differences and that extween replicates, within a moving window. These plots are analogous to Fowler et al.'s (1997) Figure 5 and show pected from sampling error. Averaging over pairs, the ratio averages 1.27 for lethal ϩ/ϩ invader lines and much stronger correlations throughout. As in Figure 10 , similar patterns are seen whether plots are against time 1.58 for viable ϩ/ϩ invader lines. Thus, most of the variance between replicates is due to sampling error. (top row) or against frequency (bottom row). Strong cor- 
DISCUSSION
between TM2/ϩ: variance in log e (fitness) is 1.62 for TM1/ϩ, compared with 0.46 for TM2/ϩ. This indicates The key finding of our study is that there are large and that although the effects of ϩ chromosomes on the highly replicable fitness differences between genotypes fitness of the two different heterozygous genotypes are carrying different wild-type chromosomes. Strikingly, all strongly correlated, the magnitude of the effect is 40 replicate pairs of cages showed the same class of greater in the less fit genotype. This can be seen as an pattern: in every case, if TM2 replaced TM1 in one cage, example of synergistic epistasis, in which deleterious it also did so in the partner cage; if TM2 failed to invade alleles tend to magnify each other's effects (Peters and in one cage, it also failed in the partner cage. Over Keightley 2000). Our method could be extended to shorter timescales, fluctuations were correlated between measure the magnitude of such epistasis, by observing replicate cages. These transient patterns imply that relathe total fitness of recombinant chromosomes (Fowler tive fitnesses are changing through the experiment. Barton and Partridge 2000) . Thus, the pattern of genetic variation cannot be summaWe should emphasize that we have measured only rized in one simple measure, such as the additive varithe effects of whole chromosomes on fitness and so ance in fitness.
can say nothing about within-chromosome epistasis: the The 15 chromosomes for which ϩ/ϩ was lethal and strong fitness effects that we observe are the aggregate where TM2 invaded successfully showed a similar pateffect of (presumably) large numbers of loci on the tern of invasion to the lines in Fowler et al. (1997) .
third chromosome. Thus, our comments on additive vs. Moreover, the effects on TM1/ϩ and on TM2/ϩ are dominance effects refer only to whole nonrecombining strongly correlated, indicating that variation is largely chromosomes, treated as single genetic loci. However, additive (Figure 2) . However, the rate of invasion of we can investigate genetic correlations between fitness TM2 varies greatly between chromosomes, but the rate components, and our technique could be applied to of elimination of TM1 is more similar between chromomeasure the effects of recombinant chromosomes on some lines and on average slower. Hence there is significantly greater fitness variance between TM1/ϩ than fitness. The extraordinary replicability and large magni- 1975) . Thus, the effect of homozygosity on fitness is much more severe than its effects on viability. A puzzling result is that viabilities measured in controlled crosses (Gardner et al. 2001) and measured among offspring of females sampled from the cages are weakly correlated, even though larvae were reared in vials in a similar way in each case. (There is a significant correlation between experiments when data are averaged over TM1/ϩ and TM2/ϩ and over replicates, but not otherwise; Figure 4 .) In contrast, Sved (1971 Sved ( , 1975 found a strong correlation between frequencies of adults in ratio tests and in cages (r ϭ 0.77, d.f. ϭ 22, P Ͻ 0.001; r ϭ 0.86, d.f. ϭ 12, P Ͻ 0.001 respectively). Our estimates of viability based on females sampled from the cages do depend on the assumption that when TM2 is rare, the two rare genotypes TM2/ϩ and TM1/ TM2 each mate with the common TM1/ϩ genotype, so that they are at the same frequency in zygotes. This Perhaps the most striking feature of our results is that relative fitnesses change substantially through time. This is shown both by the overall pattern and by shortertude of the fitness variation suggest that this would be a powerful way of investigating epistasis and recombinaterm fluctuations in genotype-both strongly correlated across replicates. In 14 of the 40 lines, TM2 appeared tion.
For the four lines in which TM2 invaded, and ϩ/ϩ at low frequency, but later disappeared. This implies that TM2 was initially more or less neutral, so that it was viable, we could estimate the fitness of ϩ/ϩ homozygotes, relative to the double-balancer genotype, TM1/ persisted at low frequency for several months and then gained an advantage and rose to appreciable frequency TM2; these estimates were extremely low. In several studies (e.g., Sved 1971 (e.g., Sved , 1975 , the fitness of wild-type and finally lost this advantage and was eliminated from the cage. Even after allowing for a long-term decline in homozygotes has been measured relative to the heterozygote with the balancer. In these studies, the mean fitness of TM2 relative to TM1, there were significant residual fluctuations, peculiar to each wild-type chromofitness of ϩ/ϩ homozygotes relative to the heterozygotes was 0.34 Ϯ 0.05 (Sved 1971) and 0.23 Ϯ 0.06 some (Figures 10-12 ). These changes in relative fitness over time could be due to subtle changes in external (Sved 1975) . However, in 7 out of 34 of Sved's chromosome lines, the relative fitness of ϩ/ϩ homozygotes was environment common to all cages (for example, slight differences in food quality); to intrinsic changes in the found to be zero. Thus, although both Sved's and our experiments found low homozygous fitness, our esticages (for example, due to a changing age structure); or to changes in genotype frequency, which alter the mates are significantly lower. One possibility is that our cages provide harsher environments than was the case environment experienced by each individual. Direct fre- quency dependence seems unlikely, because fitnesses Drosophila larvae is frequency dependent (Curtsinger 1990; Curtsinger and Sheen 1991) , there is little eviwould have to change substantially as a function of the frequency of extremely rare genotypes: in particular, it dence concerning frequency dependence of net fitness (although see Curtsinger 1990) . is hard to see how, in the transient lines, TM2 could begin increasing after a long period at undetectably low
The results in this article, together with the study by Fowler et al. (1997) , show that fitness differences frequency, but then decline before reaching 10% of the population (see Figure 1 , right).
are extremely strong and highly heritable. This contrasts with other studies on viability variation in Drosophila Whatever the cause of a changing environment, there must be strong genotype ϫ environment interactions: (Charlesworth 1987) . For example, Mukai and Nagano (1983) estimated the variance in log e (heterozydifferent wild-type chromosomes show different patterns through time (Figure 11 ). There is evidence from gous viability) to be 0.023, which compares with 0.165 in Gardner et al. (2001) and 0.208 in this study (averaged other Drosophila experiments for genotype ϫ environment interaction for total fitness (Mackay 1986 ; Fowler across TM1/ϩ and TM2/ϩ, correcting for between-replicate variance, and including only invasion lines for et al. 1997 ; and for components of fitness Mackay 1986; Wayne et al. 1997) . While there is evidence that viability of which both relative viabilities could be estimated; Table S1 ). One possibility is that the effects of wild-type chrosuch mechanisms are difficult to reconcile with the obmosomes are greater when they are held against unfit served slow rates of molecular evolution (Kimura 1983): balancer chromosomes (see below). However, the earfluctuating selection at individual loci would be exlier experiments also used balancers, and so this explapected to cause frequent amino acid substitution. This nation is not compelling. Our experiment differs from makes it plausible that balancing selection maintains earlier ones in that heterozygote fitnesses are measured strongly selected polymorphisms at many loci, but that relative to a standard genotype, TM1/TM2, rather than the fitnesses of the genotypes involved are sensitive to against ϩ/ϩ. The low viability of the double balancer environmental conditions, leading to the strong fluctuwill introduce extra sampling error into estimates of ations in net fitness that we have observed. The remarkrelative viability, but since results are highly replicable, able replicability of these fluctuations suggest many posthis does not account for the high genetic variance in sibilities for further investigation. heterozygous viability that we have observed.
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